Abstrud -A new three-phase soft-switched AC-to-DC buck cnnverter operating at eonstant switching frequency and drawing current at unity power-factor from the source is proposed. Unlike other three-phase resonant switch buck-type rectifiers reported in the literature, the switching frequency of this converter is held constant. The proposed converter uses two switches, which are soft-switched. This results in reduced switching losses and electromagnetic interference (EMI). The principle of operation and detailed analysis of the converter are given and the design procedure of the rectifier is presented. In order to predict the performance of the proposed rectifier, detailed simulation studies using SABER are carried out. A laboratory prototype of the rectifier operating from three-phase 110-V, (LLl 50 Hz supply and delivering 250 W at 50 V is designed and developed. The source current is sinusoidal and power-factor is unity. The total harmonic distortion (THD) of the line current is less than 5% at full load.
I. INTRODUCTION
The IOW power-factor and high harmonic content in the input line current of controlled and uncontrolled rectifiers can lead to voltage distortion, overheating and saturation of transformers, transmission and distribution losses, potential resonant conditions with capacitors in the utility and electromagnetic interference (EMI). The IEEE has recommended that modem power electronic equipment should confirm to EEE-519 standard to control power-factor and harmonic currents. Hence, there is a recognized need for high quality rectifiers, which present high power factor loads to the ac power system. Over and above it is desirable to have high efficiency. lower input and output filter requirements, simple control circuit, reduced number of components and active switches. and low EMI. function of load, the output filter requirement increases at light load conditions. In these rectifiers, the switch is tumed off at the end of positive half resonant cycle. During transient condition the current in the resonant branch may not come to zero at the end cd the positive half cycle. Hence, soft switching of the switc:h cannot be ensured under these conditions. The zero-current (ZC) switched buck-type rectifiers reported in 131 have discontinuous input line current and lower value of input inductors compared to those in [1, 2] . In addition, these rectifiers require a filter inductor at the output. The THD in the line current of these rectifiers is higher compared to that in [1]& [2] . Since the input line current is discontinuous (pulsating), an EM1 filter is essential at the input. The design (of this filter is difficult because the switching frequency is a function of load. This is also true in the case of ZC switched three-phase multi-resonant boost rectifier reported in (51.
In all the above-mentioned rectifiers there is no electrical isolation between the active rectifier stage and the load. In order to eliminate the atlove-mentioned drawbacks, a new rectifier circuit shown in Fig. 1 is proposed. The switching frequency of the converter is held constant and the design of the control circuit is independent of the values of resonant components. The load is completely isolated from the active rectifier stage. The proposed converter uses two switches, which are soft-switched. The input line current is continuous for output power varying from 40%-100% of the rated power, and the size of input filter inductors is small. Moreover during transient condition, the sudden change in dc link voltage does not affrrt the functioning of the rectifier and thus soft switching is ensured. Also, with resonant capacitors at the input side (for voltage-fed buck-type converters), it is possible to vary the amplitude of the source current and hence the power while maintaining the switching frequency constant. The rectifiers reported in the literature do not have this feature.
The proposed rectifier is derived from zero voltage transition pulse-width modulated (ZVTPWM) single-phase boost type power-factor-correction rectifier [7] by analogy. The transformation from single-phase to three-phase is possible because the input capacitors of the buck-type (voltage-fed) three-phase rectifiers [2] can be modelled as a single equivalent capacitor. This equivalent capacitor is analogous to the resonanl. capacitor connected across the main boost switch of the single-phase ZVTPWM rectifier to that of the ZVT-auxiliary circuit in ZVTPWM rectifier except for the first interval (interval 1). To analyse the proposed constant switching frequency controlled three-phase resonant rectifier shown in Fig. 1 , it is sufficient to consider an operating point at time 1 4 2 of three-phase input voltages. At this instant, phase voltage V, is at its peak value and Vbn and V, . are both negative and equal in magnitude, which is one half of V,. Under this condition Cr2 and Cr3 (shown in Fig. I ) charge and discharge in a similar manner. Hence, the input side resonant capacitors Crl, Cr2, and Cr3 can be replaced by an effective capacitor Cx, which is equal to the series connection of Crl 
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ANALYSIS
The analysis of the proposed converter can be simplified by using the ideal simplified single-phase model shown in Fig. 4 . As shown in figure the entire converter with switches can he modelled as a single bi-directional switch S connected across the capacitor C. This C and L represent the input filter and Vin is the single-phase input voltage source. When S is turned ON, C discharges instantaneously and voltage across L is the supply voltage. When S is turned OFF, C charges linearly and voltage across L is the difference between source voltage and capacitor voltage. Fig. 5 shows the ac source voltage at t=W2 and voltage across L & C during one switching cycle. The duty cycle of S is maintained at 50%. From simulation studies it is found that if duty cycle is above 50% and switching frequency of S is twice as that of resonance frequency of the circuit, there is a phase displacement between input (inductor) current and ac voltage source. However, the current remains sinusoidal. respectively. Switching frequency is held constant at 20 kHz.
It should be noted that as duty cycle increases, the available time for the capacitor to charge decreases. Now that the capacitor should charge to a higher value than the previous at a lesser time, this could be achieved by forcing a higher current in the inductor. From the simulation study on the simplified model, it is found that if the value of switching frequency of S is twice as that of resonance frequency of the circuit. the average value of current over half a cycle of ac source voltage increases by approximately 135% when duty cycle is increased from 25% to 50%. while maintaining current in the inductor continuous and in phase with input voltage. This variation in duty cycle is required to vary the output power of the converter from 40 to 100%. Fig. 7 shows the simulated inductor current waveform during half a cycle of the input for 50% and 25% duty cycle of switch S. As seen from the figure, the current through inductor is sinusoidal with finite ripple and in phase with the input voltage. The average value of current drawn from the input over half a cycle is also indicated. In order to account for the ripple in the input current at the design stage the following exercise is carried out.
Figs. 8(a) shows the plot of peak value of ripple free input current versus its average value over half a cycle of ac source for switching frequency of 20 kHz. For a particular value of the peak current and 50% duty cycle, the value of L and C are determined from equations (12) and (13). The simplified model is then simulated using these values, and the average value of current drawn from the source over half a cycle is determined. This variation is shown in Fig. 8(a) . Figure also shows this variation at 25% duty cycle. A similar exercise is carried out for a switching frequency of 30 kHz and the results are shown in Fig. 8(b) . It can be noted that the ratio of average input current without ripple to average input current with ripple at a switching frequency of 2OkHz and 50% duty cycle, is approximately 1.2. Moreover, the ratio of average input current with ripple at 25% duty cycle and that at 50% duty cycle is approximately 0.4. So, it can be inferred that by varying the duty cycle of S2 from 50% to 25% the power drawn by the rectifier varies from 100% to 40%.
Thus, it can be shown that the switching timings of SI and S2 and values of circuit elements (Crl-CD), Lr and Cd can be chosen in such a manner that a required amount of average ac input current over half a cycle of ac source and hence the input power is drawn by the rectifier. Under ideal conditions, if the losses taking place in the converter are neglected, then the input power is equal to the output power. The following guidelines are made use of when designing the rectifier:
IV. DESIGN
The design of the single ended converter is carried out to achieve the following specification. : . Vc,,@& = 36Ovolts.
*vCrl,, = T S
The required peak value of input phase current assuming negligible ripple and unity power factor is given by, To account for the ripple in the source current at maximum duty cycle of 50%, the above current should be increased by a factor K, (ratio of average input current without ripple to average input current with ripple over a half cycle of ac source. In this case it is 1.2). Therefore the required value of source current is:
From equation (13) the value of input resonant capacitor C,, is &en by, Thus, the value of CrI=Cr2=Cr3=154.32nF.
The minimum output power of 100 W (40% of full load power) is obtained at duty cycle of 25%. The minimum ON time of S2 is TON = 1 2 . 5 ,~~.
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The value of Cd is chosen to be equal to -Crl = 102.88nF .
It is to be noted that the low values of Cd increase the voltage stress on S1, while the high values increase the characteristic impedance. The increase in characteristic impedance may result in the loss of ZVS of S2. It is found from simulation study that for Cd corresponding to equivalent capacitance constituted by the Crl-Cr3 at t = nJ2 results in lower voltage stress on S1 and ZVS turn-on of S2. Also from The resonant frequency constituted by La and Crl is taken to be half of switching frequency of switch S1 or S2 (in this case it is 20 kHz). Using this, the value of inductors is found to he:
Peak value of voltage across S1 is approximately equal to, VSI*.* = J5vcr,p& + VCd -vx (15) and this for S2 is given by, v s 2 , = JSXVCrl,.,
The transformer turns ratio N, affects the circuit performance as follows: As the turns ratio increases, the current stress on SI decreases while time available for turning ON of S2 under ZV condition, decreases. Hence a judicious selection of Nx is essential. The following iterative procedure is used to arrive at this value:
When S1 is turned ON, the governing equation is:
-J5 x VCrlp., + v, -vc, = 0
Since Vc,lpc,u and Ii. are known, initially Vcd can be determined by assuming a low value of V , . In order to turn ON S2 under ZV condition, Vc. should become zero and remain at this value for some time. This can be verified by solving Equations '(4) and (6). If this condition is satisfied, the value of V , is further increased and same procedure is repeated. The maximum value of V, for which this condition is satisfied is chosen to determine the turns ratio.
This turns ratio is given by V , I V , .
V. SIMULATION RESULTS
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In order to validate the analysis and to predict the performance of the rectifier, detailed simulation study is carried out on SABER. The input voltage to the rectifier is SO Hz, 1 IOV,, (L.L). and circuit parameters are:
Lr=68.46pH, Cd=102.88nF, and La=Lb=Lc=l.643mH respectively. Transformer (T,) primary to secondary inductance ratio is chosen to be five. The value of load resistance is set equal to 10R. For these circuit parameters the converter can supply a load of 250 W at 50 V for 2 5 p ON time of S2. The switching frequency is maintained constant at 20 kHz. Fig. 9(a) shows phase 'a' current and its corresponding Fourier spectrum while supplying a load of 250 W at 50 V. Fig. 9(a) . Phase 'a' current and its Fourier spectmm (ON time of S2= 2 5~s ) .
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These results for an ON time of 12.Sps are shown in Fig. 9 (b). At this value of ON time the converter is supplying 100 W at 50 V. It can be observed that the source current is sinusoidal and THD at full and 40% load are 3% and 4.2% respectively. Fig. 10 shows the other important voltage and current waveforms. There is a close resemblance between these waveforms and those shown in Fig. 3 . 
VI. EXPERIMENTAL RESULTS
In order to validate the simulated results a laboratory prototype of the proposed converter is designed and fabricated. The converter is designed to operate from three- Fie. l l f c l Phase 'a' m e n t and voltaee waveform at 30% dum Fig. 11 (d) . Phase 'a' current waveform and its Fourier spectrum at switch 52 duty cycle of 30% (I: ZAldlv). 
VII. CONCLUSION
This paper proposes a constant switching frequency controlled three-phase buck-type soft-switched rectifier that draws sinusoidal current from the source. The main features of this converter are constant switching frequency operation under variable load condition, reduced size of input filter inductors and output filter capacitors, and inherent isolation between source and load. Due to these features there is a significant reduction in the size of the rectifier. Also, the performance of the control circuit is independent on the resonant inductor and capacitor values. The operation of the converter is explained and detailed analysis is carried out. In order to predict the performance of the converter detailed simulation studies on SABER are performed and these results are experimentally validated.
